In human long-standing persistent atrial fibrillation, rotors potentially explain atrial fibrillation maintenance, but their ablation remains controversial. We aimed to explore original phase/frequency mapping methods to locate rotors and track changes induced by their ablation.
D
uring the past 10 years, a variety of ablation procedures have been attempted toward maintaining sinus rhythm by targeting the triggers or the atrial substrate believed to initiate and drive atrial fibrillation (AF). From the start, circumferential pulmonary vein isolation (CPVI) has yielded encouraging results in paroxysmal AF. 1 But the approach recently revealed to be suboptimal when used in patients with persistent or long-standing persistent AF (LSPAF), with ≤60% successful sinus rhythm maintenance ≤1.5-year followup. 2 Combined with CPVI, linear lesions and ablation of complex and fragmented atrial electrograms result in extensive atrial damage. Yet, the technique also fails to yield good clinical outcomes. 2 Therefore, it has become clear that extensively ablating the human atria may not be beneficial but substantially increase the risks.
Emerging information reflects the complex substrate that underlies LSPAF, with highly remodeled atrial tissue able to support high-frequency reentrant or focal sources at different levels of the atrial geometry. 3 That information, together with fundamental knowledge derived from high-resolution optical mapping in a wide variety of experimental models, 4 has led to a new mechanistic strategy for AF ablation. The idea is that circumscribed ablation lesions directed to the sources underlying arrhythmia maintenance can effectively result in conversion to sinus rhythm and keep the patients free from new AF recurrences in the long term. 5 By using invasive panoramic mapping of the atrial endocardium 5, 6 or noninvasive mapping from the body surface, 7 several researchers have recorded and successfully ablated meandering rotors at varying locations of the left and right atria (RA). In addition, a recent meta-analysis that
WHAT IS KNOWN?
• Mechanism underlying atrial fibrillation (AF) in humans is poorly understood. It is questioned whether random excitation of the atrial tissue versus organized functional reentry (rotors) may sustain AF.
• The challenge to efficiently treat AF by catheter ablation is dependent on interaction with arrhythmia mechanisms. On different arrhythmia mechanism, the ablation strategy should be adapted.
WHAT THE STUDY ADDS?
• Although the number of patients included for analysis in our study is relatively low, our data strongly support rotors as mechanisms explaining the physiology of long-standing persistent AF in terms of its frequency content.
• Targeting rotor domains with limited linear ablation effectively results in global changes in AF physiology that promotes conversion to sinus rhythm. The latter argue against random theories to explain AF physiology and support treating AF on restricted lesions directed to underlying mechanisms.
includes several landmark articles on rotor ablation showed benefit of AF-driver ablation. 8 But others have obtained contradictory results, leading to substantial controversy as to whether rotors have any role as drivers of AF or simply are an epiphenomenon unrelated to arrhythmia maintenance. 5 Such a controversy is likely the result of many factors, ranging from technical limitations; for example, poor spatial resolution of currently available mapping methods, far-field effects associated with the use of electrograms, to procedural issues, for instance, inappropriate patterns of ablation lesions, or poor location of the basket catheter. 9 But from a physiological point of view, the nonlinear dynamic nature of rotors is a major factor that may work against the operator and hamper the achievement of conclusive results. 4 Here, we have evaluated for the first time the role of rotors in maintaining LSPAF in humans, including its hierarchical organization in time and space. Our approach includes close monitoring and comparison of AF dynamics changes during ablation of rotors versus areas not containing rotors. We demonstrate that ablation of rotors effectively modulates AF dynamics and promotes conversion to sinus rhythm, whereas ablation of additional atrial tissue might be redundant and unnecessary.
METHODS
This study is based on proprietary, underdevelopment, hardware and software. Thus, the data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Patients
Patients with LSPAF lasting >1 year were admitted for EP Study (Electrophysiology) and ablation according to current recommendations. 1 Before ablation, transthoracic echocardiogram was performed for measurements. The Ethics committee approved the study, and subjects gave informed consent.
Electrophysiology and Mapping Procedure
EP Study was performed under general anesthesia. Three recording catheters were used: Navistar Thermocool SmartTouch, PentaRay, and a quadripolar catheter (Biosense Webster). The mapping and ablation procedures were performed by using the CARTO-Finder module that is currently under development by Biosense Webster. 10 Briefly, the module implements new capabilities for mapping of intracardiac recordings to the CARTO navigation system. For experimental analysis, the latter includes dynamic evaluation of the activation sequences by phase analysis of unipolar recordings using their Hilbert transform. 11 Before applying the Hilbert transform to unipolar signals, they underwent preprocessing (ie, filtering and rejection of ventricular artifacts) using proprietary algorithms. The PentaRay catheter was positioned sequentially at varying locations of the RA and left atrial (LA) endocardium to continuously record long AF signal segments (30 seconds). The Hilbert transform of unipolar recordings retrieved the instantaneous phase (potentially avoiding errors derived from manual or automatic annotations on electrograms), 12 which together with the spatial location of the recording electrodes enabled construction of dynamic phase maps (Movies I and II in the Data Supplement). Bipolar signals from the PentaRay catheter were also simultaneously recorded to analyze in real time the AF dynamics in the frequency domain (Dominant Frequency, Signal Processing, and Figure I in the Data Supplement).
After anatomic reconstruction of the RA, a transseptal puncture was performed, and the LA was equally reconstructed. Thereafter, phase/frequency mapping started as follows ( Figure 1) : first, the ablation catheter was positioned on the LA appendage (LAA), and the PentaRay catheter was located on the RA appendage (RAA) to continuously record 30-second bipolar signals for analysis of interatrial DF gradients ( Figure I in the Data Supplement). Second, PentaRay was used as a roving catheter to acquire phase maps of the RA trying to get the maximum coverage of the RA endocardium. Third, PentaRay was moved to the LAA, and interatrial DF gradients were analyzed again with the quadripolar catheter in the RAA. The latter allowed for analysis of stability of the frequency content during sequential stages ( Figure II in the Data Supplement). Finally, phase mapping of the LA was performed following the same methodology used for the RA.
Analysis of Phase Maps and Frequency Measurements
The phase maps were reviewed individually in a movie format to find the activation pattern that characterized regional activation (movie reproduced at one-fourth real-time speed). A rotor domain was defined as an anatomic area displaying rotor activity (each rotor completing at least 3 consecutive rotations) and a pattern of recurrence. A similar phenomenon was observed previously by other authors. 13, 14 Specifically, we ensured that (1) rotors completed several rotations at their domain (Figure 2A ), (2) thereafter disappeared for variable times leading to disorganized activation ( Figure 2B ), (3) but finally reappeared to complete again several rotations (Figure 2A ). Facing such variability, likely explained by rotor meandering or drift, a rotor domain was defined as an attractor region with the highest incidence of rotational activity. The term attractor is used when rotors appeared intermittently but always at the same anatomic location (ie, the rotor domain; Figure 2 ; Movies I and II in the Data Supplement). Recurrence patterns were assessed qualitatively with no specific requirements for incidence or duration. Nonrotor domains were defined as areas never displaying such dynamics. Other patterns of activation included organized activity with no singularity points (ie, incoming waves), breakthroughs with focal spread of wavefronts, or disorganized activity with short-lasting singularity points. Interatrial DF gradients were computed as RAA DF mean to LAA DF mean (Frequency Gradient Calculation and Figure II in the Data Supplement).
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Ablation Procedure and Follow-Up
The flow of the ablation procedure was stepwise: right and left CPVI followed by ablation of extrapulmonary rotor domains tagged previously on the CARTO-Finder (Figure 1 ). CPVI was attempted by ablation at the pulmonary vein (PV) antrum and confirmed by elimination of local bipolar potentials (temperature, 43°; 20-35 W; contact force, 10-15 g). For any PV antrum displaying a rotor domain, the ablation procedure consisted equally of CPVI. For rotor domains located outside of the PV antrum, linear ablation was attempted by crossing the distribution of singularity points up to unexcitable boundaries, when available ( Figure 3) . To determine the effect of each set of ablation lesions on AF physiology, frequency at the atrial appendages and interatrial gradients were computed after completing each ablation set as displayed in Figure 1 .
The ablation procedure ended after PV isolation followed by ablation of predefined rotor domains. The protocol was stopped if the patient converted to sinus rhythm anytime during the procedure. Remapping was not attempted, and external cardioversion was performed if the patient continued in AF. Patients were followed at 1, 3, and 6 months and 1 year. Thereafter, patients were followed every 6 months. Holter monitoring (24 hours) and resting ECG were recorded on the day of each visit. Antiarrhythmics were suspended after 3 months of blanking period if stable sinus rhythm was achieved.
Statistical Analysis
Resampling methods (bootstrapping) were used to make inferences and compute 95% confidence intervals (CIs) when dealing with complex data structures; for example, where different observations could be drawn from the same subject (dependent data structures; Data Supplement).
RESULTS
Patients and Mapping Procedure
We studied 13 consecutive patients with LSPAF (characteristics displayed in Table 1 ). Table 2 
Characteristics and Distribution of Rotor Domains
Rotor domains were identified in 10 patients (1.8±1.1 per patient), 7 in the RA and 12 in the LA with a variable distribution represented in Figure 4 . The number of consecutive rotations was 9.2±2.2, and changing chirality was frequently observed. Quantitative analysis showed that rotor domains had higher frequencies of activation than nonrotor domains (6. To explore the role of rotor domains on AF dynamics, the spatial location of the rotor domains was analyzed based on the direction of the interatrial DF gradients. Before any ablation, we ensured that the DF at the atrial appendages and the interatrial gradients remained stable among sequential measurements across patients. As displayed in Figure II in the Data Supplement, after taking different samples at different times, we did not observe changes in the frequency content (R 2 ≥0.9; Data Supplement) or the directionality of interatrial gradients. Thus, we concluded that the frequency analysis of such structures was a reliable quantification of AF dynamics under basal conditions. In these instances, we observed a good match between the location of the rotor domains on the LA or the RA and the direction of the DF gradient ( Figure 4B ). Thus, at times when rotor domains localized in the LA, the interatrial DF gradient was from highest in the LA to lowest in the RA. The direction of the gradients reversed (RA fastest to LA slowest) when rotor domains localized in the RA. In addition, the gradient was different when rotor domains were observed exclusively in a single atrium (3 patients 
Responses to Ablation
CPVI was performed on 11 left PVs and 13 right PVs (in 2 patients, the left PVs remained isolated from previous ablation procedures). For rotor domains located outside the PV antrum (N=15; 79%), linear ablation was extended up to unexcitable boundaries (superior vena cava [1 case] and CPVI annulus [8 cases]; Figure 3A ) or just drawn to cross the distribution of singularity points (RA lateral wall [6 cases]; Figure 3B ). All rotor domains were targeted. The length of the ablation lines was 3.5±0.9 cm, and the corresponding ablation time was 8.8±3.7 minutes. Total ablation time, including CPVI plus linear ablation, was 46±8 minutes. Overall, CPVI was performed in 20 PV antra (8 left PV and 12 right PV) that did not exhibit rotor activity. Those areas were considered nonrotor domains, and the response to ablation was compared with rotor domains. The effect on the frequency content was more pronounced, with a significant reduction in AF frequency both in the LAA and the RAA, when ablating rotor domains ( Figure 5 ). The response observed in the contralateral atrium (ie, changes on RAA frequency when ablating in the LA) was also more pronounced when ablating rotor domains. Figure 6 illustrates the changes induced on interatrial gradients by ablation. For ablation of nonrotor domains (black dots), the frequency gradient after ablation correlated strongly with the frequency gradient before ablation (R 2 =0.81; P<0.001). The latter implies that ablation produced negligible changes in the interatrial gradients. However, the opposite is true for ablation of rotor domains (red dots). In this case, the correlation is lost, which implies pronounced changes in DF and the interatrial gradient (R 2 =0.26; P=0.057). Moreover, the most dramatic change in interatrial gradient, which means the inversion on interatrial gradient direction (dots located at the upper left and lower right in Figure 6A ), was observed after the ablation of rotor domains (4 cases) but never after ablation of nonrotor domains.
Ablation of nonrotor domains produced some predictable outcomes on the interatrial gradients. They were observed mainly after right CPVI and depended on the directionality of the interatrial gradient. Figure 7 shows that right CPVI effectively decreased the frequency in the atria harboring the slower frequency of activation (downstream along the gradient), whereas no significant changes were induced on the atria harboring the highest frequency of activation (upstream along the gradient; Figure 7A ). The consequence was a tendency to increase the interatrial gradient after right CPVI ( Figure 7B ). The latter might be well explained by considering possible damage of interatrial conduction fascicles after right CPVI and strongly support the hypothesis that rotor domains located upstream of the gradient are the main sources of fibrillatory wave fronts passively conducted downstream along the gradient.
Procedural End-Points and Clinical Follow-Up
Pulmonary vein isolation was successfully achieved in all the cases, with none of the patients converting to sinus rhythm after pulmonary vein isolation. Conversion to sinus rhythm was observed in 2 patients after ablation of extrapulmonary rotor domains (Figure 8) . In both cases, CPVI did not significantly change AF frequency, but pronounced decreases were observed after ablation of rotor domains, on the LA roof in 1 patient (coexistent with a left to right gradient) and on the RA lateral-posterior wall in another patient (coexistent with right-to-left gradient). In the other patients, electric cardioversion restored sinus rhythm. No acute complications were documented at the end of the procedure.
One patient developed congestive heart failure (ejection fraction, 40%) during the next 24 hours after the procedure. The other patients were discharged 24 hours after the ablation procedure with no complications. At 1-year follow-up, 8 patients remained in sinus rhythm (7 off antiarrhythmic drugs; 1 patient refused to be taken off medication, despite no documented recurrences), and 1 patient required antiarrhythmic drugs because of paroxysmal AF recurrences. In 4 patients, persistent AF was documented during the blanking period, and external cardioversion was performed, but in 3 patients, the procedure failed to maintain sinus rhythm, despite antiarrhythmic drugs. After the blanking period, 1 patient required cardioversion because of atypical atrial flutter. Another patient developed persistent AF after the sixth month. Cardioversion was not attempted because the patient refused. Overall, 9 patients (70%) remained free of persistent AF at 1-year follow-up (1 requiring cardioversion because of atypical atrial flutter; Figure V in the Data Supplement). Because of the short follow-up period and the low number of cases included, analysis of predictors of sinus rhythm maintenance was out of the scope of this work. We also did not detect differences between patients with or without previous procedures. However, the limited number of cases included precluded an appropriate analysis.
DISCUSSION
The main finding of this study is that during LSPAF, the human atria exhibit a small number of regions displaying highly repetitive and recurrent rotational activity consistent with rotor domains, which appropriately explains the dynamic properties of fibrillation in terms of its frequency content and hierarchical distribution. Interaction with rotor domains by limited radiofrequency ablation leads to major changes in AF dynamics known to predict conversion to sinus rhythm, 15 whereas ablation of extensive atrial tissue at other locations does not (ie, CPVI when rotor domains are not demonstrated inside). Despite the meandering nature of rotors and their apparent intermittence, a strategy based on sequential mapping with high-density catheters (PentaRay) appropriately locates rotor domains. The latter is explained by the attractor-like properties of the domains, which lead them to concentrate the highest density of rotor activity. Another way to explain such attractor properties is that rotor domains constitute a perpetual source of wavebreaks leading to recurrent rotor formation. 16 Thus, our Foundation) . B, the location of the rotor domains relates with the directionality of interatrial gradients. Right atrial (RA) rotor domains exhibit a positive gradient (RA faster than LA), whereas LA rotor domains exhibit a negative gradient (LA faster than RA). results are consistent with a nonrandom distribution of sources during LSPAF and support the idea that a relatively small number of meandering rotors underlies AF sustainability even in the more complex and highly remodeled atrial tissue of LSPAF.
Rotors Explain the Hierarchical Distributions of Frequencies of Human LSPAF
While in paroxysmal AF the PV antrum usually supports the highest frequency of activation, 17 in persistent AF high-frequency sources scatter through both atria at unpredictable locations. 18, 19 The latter has been interpreted in the context of a complex and highly remodeled atrial tissue, with variable distribution of tissue fibrosis and shorter refractory periods promoting highfrequency reentrant sources to locate almost anywhere in the atria. 20, 21 This increasing complexity accompanied a changing behavior affecting the frequency content, which in animal models appropriately predicts transition from self-limited to persistent AF. 22 Moreover, such studies suggest that both electric and structural changes in the atria govern the distribution of frequency gradients, believed to be the consequence of spatially distributed intermittent blockade of nonlinear wavefronts emanating in rapid succession from high-frequency drivers, in a process known as fibrillatory conduction. 22, 23 Our data demonstrate that there is a robust link between the spatial distribution of rotor domains and the direction of the frequency gradients, with the atria supporting the highest frequency of activation being the The latter implies that only the ablation of rotor domains effectively changes AF physiology in terms of the interatrial gradient. Reversal of interatrial gradient direction was only observed after ablation of rotor domains (red dots on the lower-right and upper-left quadrants). B, Considering absolute values, the amount of change in the interatrial gradients tended to be higher when ablating rotor domains (P=0.083). C, The change induced in interatrial gradients depends on the location of the rotor domain. The calculation (gradient pre-ablation−gradient post-ablation) renders negative values for rotor domains located in the left atrium (LA) and positive values if located in the right atrium (RA; P=0.039), but regardless of rotor domain location, the absolute interatrial DF gradient is effectively reduced. For some cases, ablation of rotor domains may dramatically increase absolute interatrial gradients but with complete reversal of gradient direction (pointed by the blue arrow in A).
preferential location of such domains. Moreover, limited radiofrequency ablation of rotor domains effectively changed the gradients. The fact that right CPVI ablation near the expected location of the main interatrial conduction fascicle decreased the frequency in the slowest atrium whereas the fastest atrium remained unaffected also enforces the idea that the rotor domains of the fastest atrium drive the observed gradient. Ho et al 24 have nicely described the close anatomic relationship between the right PV antrum and the interatrial conduction fascicles (Bachmann bundle and multiple minor fascicles of epicardial distribution between the LA and the RA). Thus, possible unintended ablation of such fascicles during right CPVI might worsen interatrial conduction and explain the observed responses in our patients. The latter has been explored also in animal models, where disruption of electric communication between the LA and RA during AF leads to similar phenomena as those observed in our patients during right CPVI. 25 For example, in a cholinergic model of AF in the sheep, Mansour et al 25 elegantly demonstrated that ablation of Bachmann bundle and the inferoposterior pathway connecting LA and RA decreased the activation frequency in the slower atrium, while maintaining unchanged the frequency of the faster atria. Subsequently, pacing during sinus rhythm has demonstrated additional conduction pathways, probably at the antrum of the right PV as described by Ho et al. 24 Such data suggested that AF was maintained by impulses generated at the atrium undergoing the highest frequency and that ablation worsened conduction to the atrium with the slower frequency by damaged interatrial conduction fascicles. We are unable to confirm that conduction through interatrial fascicles was occurring, but based on the above observations and on the behavior of frequencies and interatrial gradients in our patients, that seems to be the more plausible hypothesis.
The temporal stability of the frequency content of AF has been a matter of controversy in the relevant literature. However, there is a shared feature of previous studies that may help explain failure to demonstrate DF stability in some cases. To our knowledge, to compute DF, all such studies used signals that varied but were always brief (ie, time series of ≈5 seconds). 26, 27 Figure I in the Data Supplement demonstrates clearly that using short signal segments when analyzing local activation frequency and interatrial gradients may result in instantaneous variability that can yield contradictory results. However, with the panoramic overview provided by the long signal segment analysis (ie, 30 seconds), the frequency content tends to stabilize ( Figure I in the Data Supplement) and allows for reliable comparisons at varying time epochs ( Figure II in the Data Supplement). A different picture emerges when using local frequency of activation to locate the precise site for delivering ablation lesions. From the RADAR AF study, we have learned that a strategy based on ablation at the highest frequency sites may not provide additional benefit in persistent patients with AF. 18 The reasons may be, in part, the diversity of mechanisms leading to increased DF (ie, wave collision leading to electrogram fragmentation and spurious higher DF) plus variability on DF calculations when using short signal segments. Overall, we demonstrate that rotor domains tend to display higher frequency than nonrotor domains. However, the latter does not confirm that rotor domains are the highest frequency sites in terms of DF calculation alone. Effect of right circumferential pulmonary vein isolation (CPVI) on the frequency content and interatrial gradients. A, Right CPVI effectively decreased the frequency in the atrium harboring the slower frequency of activation (downstream the gradient), whereas no significant changes were induced on the atria harboring the highest frequency of activation (upstream the gradient). B, There is a tendency to increase the interatrial gradient. The latter is well explained considering the possible damage to interatrial conduction fascicles after right CPVI and strongly suggests that rotor domains located upstream the gradient are the main sources of fibrillatory wave fronts passively conducted downstream the gradient. CI indicates confidence interval; and RPV, right pulmonary vein.
Another proof of concept on the role of rotor domains in AF pathophysiology is the remote effect observed after ablation. In our patients, ablation of rotor domains in 1 atrium effectively decreased the frequency on the contralateral atrium. These data also support the concept that rotor domains play an essential role in AF dynamics and argue against the alternative hypothesis that AF maintenance in 1 atrium is independent of the other atrium but depends on widespread endoepicardial dissociation. 28, 29 Clearly, unless otherwise demonstrated, it seems unfeasible that the latter mechanism could explain the responses observed in our patients.
Dynamic Nature of Rotors and the Challenge to Ablate Them
Recent data from optical mapping experiments demonstrated that on-target ablation of rotors during sustained AF effectively terminated AF. 4 However, when the ablation application nearly missed the rotor location, not only did it not terminate the arrhythmia but resulted in rotor drifting or formation of a new but slower rotor at a different location. 4 In addition, similar to our study in patients, the experimental results also showed that ablation of areas with no rotor activity resulted in minor changes in AF physiology. 4 Computational data also have highlighted a variety of possible scenarios that may be expected after ablation of rotors; such scenarios range from rotor annihilation and arrhythmia termination to rotor stabilization and arrhythmia perpetuation. 30 The dynamic nature of rotors and their complex interaction with surrounding tissue 31 explain why rotors behave in such apparently unpredictable ways and also support the need to use specific patterns of radiofrequency lesions to effectively terminate AF sources. Although focal lesions may anchor and stabilize rotors, complete linear lesions form unexcitable boundaries with which rotors may collide and be annihilated without forming new wavebreaks (the hallmark of new rotor initiation). In accordance with previous statements, we found it reasonable that radiofrequency ablation of rotor domains may influence their ability to promote and sustain the recurrent rotors that maintain fibrillation. We, therefore, hypothesized that ablation at the rotor domain should reduce the incidence of new rotor formation and substantially modify the overall characteristics of fibrillation. We demonstrate the latter in the form of a significant reduction in the frequency Characteristics of rotor domains, and the ablation procedure of the patients who converted to sinus rhythm. A, A patient displaying a right-to-left DF gradient also displayed 2 rotor domains located on the posterior and lateral walls of the right atrium (RA). Ablation was performed using a line crossing the main distribution of the singularity points. B, Characteristics of the ablation lines. C, Changes in the frequency content after left and right circumferential pulmonary vein isolation (CPVI; nonrotor domains) and after ablation of rotor domains in the RA. In contrast with modest decreases after CPVI, ablation of rotor domains in the RA remarkably decreased the frequency content. Thereafter, the patient spontaneously converted to stable sinus rhythm. LAA indicates left atrial appendage; and RAA, right atrial appendage.
of fibrillation (Figures 5 and 6 ), which in some cases culminates in conversion to sinus rhythm.
However, it is important that in most cases, AF did not terminate on ablation, and in 3 cases, it was not possible to identify AF sources by mean of the phase mapping procedure. We speculate that additional rotor domains may coexist in the same atrium (no changes observed on gradient directionality after ablation) or in the contralateral atrium (reversion on gradient directionality), but our mapping protocol was not sensitive enough to detect them. Another explanation is that additional rotor domains might coexist in the unexplored endocardium or even the epicardium, in which case, combining noninvasive body-surface mapping with high-density global endocardial mapping might increase the ability to find AF sources. One limitation, however, is that as of today, the commercially available catheters that are being used are either designed for sequential mapping (ie, PentaRay) or for global mapping but with low electrode density, basket-like catheters that may also leave extensive areas of the endocardium unexplored, depending on the 3-dimensional architecture of the catheter. 32 We also cannot rule out that in cases of failure to terminate AF on ablation of a dominant rotor, new slower rotors may form and locate at varying positions. 4 Overall, the variable response of AF sources to ablation described above may help explain, in part, the clinical controversy that has put into question the results from the CONFIRM trial (Conventional Ablation for Atrial Fibrillation With or Without Focal Impulse and Rotor Modulation). 5 However, additional factors may also come into play. Successful rotor ablation, or lack thereof, may be affected also by the spatial resolution of the mapping approach, as well as the adequacy and interpretation of the phase maps, both of which might be highly dependent on the operator. In addition, the definition of rotor activity has not been consistent among authors, which may explain differences in the number of rotors located per patient, as well as ablation success. Some authors have required 2 7,32 or a single 33 rotation to define a rotor domain. We used more stringent criteria (at least 3 consecutive rotations with a pattern of recurrence), which may explain the lower number of places with rotor activity per patient in our study. Miller et al 6 required more stable rotations and consistency between sequential maps. Thus, we may explain the differences with our work in terms of the different mapping procedures (global mapping with basket catheter versus sequential high-resolution mapping) and the proportion of endocardium that may have been left unexplored.
The lifespan of rotors in persistent AF is also a matter of debate. Some authors have observed life spans of just a few seconds when using a noninvasive approach, 7 whereas others have seen more stable behaviors by using endocardial mapping, 6 even when comparing different techniques. 14 Long life spans would be clearly desirable to allow full capture of rotor activity and effective rotor ablation. However, we and others have demonstrated that despite possible short life span or drifting within wide areas, recurrence occurs at specific locations, 13, 14 which has allowed us to define the rotor domain as an attracting space. Thus, sequential mapping is feasible and provides for higher resolution but may require a longer time investment on the mapping procedure to ascertain full capture of rotor dynamics. The type of ablation procedure is also key, with many of the studies published to date having applied focal lesions that likely promoted rotor stabilization. 34, 35 Here, we proceeded with linear ablation of rotor domains, which is predicted to be the most impactful ablation strategy on rotor dynamics and AF physiology when targeting rotor domains with limited radiofrequency ablation.
Limitations
Remapping is usually needed to appropriately characterize the new conditions that maintain AF after ablation. We did not remap our patients. The suboptimal percentage of endocardial coverage in our protocol may have resulted in underdetection of potential sources, which likely limited our ability to terminate AF. CPVI was systematically performed before ablation of extrapulmonary rotor domains. Thus, we cannot exclude that a cumulative effect of tissue ablation explains the observed results. However, major changes in AF physiology were observed immediately after CPVI of PV antrum locations generating high-frequency activity. The latter supports the idea that the changes were a consequence of ablation of rotor domains without the need of sequential/ progressive ablation attempts. Ablation of nonrotor domains (mainly CPVI) may facilitate sinus rhythm by eliminating triggers. Therefore, we cannot exclude that sinus rhythm maintenance in our patients was a consequence of CPVI plus ablation of extrapulmonary rotor domains. For linear ablation out of the LA roof, the integrity of the ablation lines was explored just by recording double potentials. Prior AF ablation was performed in 4 of our patients (Table 1) , which may disturb our description of AF physiology in the nonablated atria. The sequential nature of the mapping procedure did not allow us to conclude whether LSPAF with multiple rotor domains, often involving both atrium, corresponded to a single source within a big area of drifting versus multiple sources simultaneously occurring while drifting in a more limited area. However, because of the stability of the frequency content that we demonstrate in our patients, we consider multiple sources simultaneously occurring as the more plausible hypothesis. In addition, rotor meandering may decrease our ability to define rotor domains by sequential mapping. The stability of the frequency content was not tested at positions other than the atrial appendages. Also, we did not conduct additional studies to confirm the distribution of the main interatrial conduction fascicles and their anatomic relationship with circumferential ablation of the right PVs. Thus, conclusions on this topic remain speculative. Additional methods for phase computing were not used to test reproducibility, and comparison between phase mapping and other mapping methods available for analysis in CARTO-Finder module (ie, dynamic evaluation of the local activation time) were out of the scope of this project. Finally, multicenter studies with increasing number of cases for analysis are needed to confirm the data presented in this article.
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